Introduction {#S1}
============

In response to antigen stimulation, CD4+ helper T cells differentiate into distinct lineages defined by the cytokines they produce in response to secondary antigen challenge. Lineages include Th1 cells that produce IFN-γ, Th2 cells that produce IL-4, IL-13, IL-5 and IL-10, and Th17 cells that produce IL-17a, IL-17f, IL-22 and IL-26. These distinctions are not absolute as certain cytokines, such as IL-10, are produced by multiple lineages, including distinct lineages such as T regulatory cells. Similarly, IFN-γ and IL-17 display both highly restricted patterns of expression by T cells but these cytokines can also be co-expressed by certain T cell populations. Nevertheless, proper regulation of cytokine gene expression is critical to a successful adaptive immune response.^[@R1]--[@R16]^

Proper regulation of cytokine gene expression may depend in part upon their order in the eukaryotic genome. For example, *IL4, IL5* and *IL13* are located on human chromosome 5 spanning approximately 150 kb and this order is conserved across multiple vertebrate species expressing these genes. A locus control region within this area is critical for expression of these lineage specific genes.^[@R17]^ Similarly, *IL17A* and *IL17F* genes are positioned adjacent to one another on human chromosome 6 and this gene order is also preserved across multiple vertebrate species. In contrast, order of *IFNG, IL26*, and *IL22* genes is also preserved across multiple vertebrate species from zebrafish and chickens to humans and evidence does not support the notion that these three genes are co-expressed suggesting there may be additional evolutionary reasons to preserve gene order.^[@R18]--[@R21]^

Although order of *IFNG, IL26*, and *IL22* genes is conserved across multiple species, the *IL26* gene is deleted in rodents.^[@R22]^ In general, cell-type specific expression and transcriptional regulation of neighboring *IFNG* and *IL22* appears relatively similar in humans and rodents, suggesting that deletion of *IL26* does not have a great impact upon these processes. However, absence of *IL26* from rodent genomes has clearly hindered progress towards understanding its role in immunity. While IL-26 has a unique receptor, rodents may functionally compensate for the loss of IL-26 through another protein which signals through STAT3, such as IL-22.^[@R23]^

In eukaryotic genomes, preservation of gene order is greater than expected by chance suggesting the existence of selective or evolutionary pressure to preserve gene order.^[@R24],\ [@R25]^ Different arguments have been put forth to account for preservation of gene order. For example, gene families, such as the Th2 gene family, the beta-globin gene family, or the growth hormone gene family are expressed in a coordinated fashion and this may be aided by preservation of gene order. Similarly, preservation of order of genes exhibiting a common feature, such as high rates of transcription, tissue-specific transcription, or genes that encode proteins that participate in a common pathway, e.g. specific metabolic pathways, may provide evolutionary advantages.^[@R26]--[@R31]^ However, these explanations probably do not account for the majority of determinants of conservation of gene order in eukaryotic genomes.

Genes are not the only genetic elements whose order is conserved in vertebrate genomes. The order of evolutionarily conserved non-coding sequences (CNS) is also preserved in vertebrate genomes. For example, the order of CNS across the *IL26-IFNG* genomic region is absolutely conserved between mice and humans.^[@R32]--[@R35]^ The general view of CNS is that evolutionary conservation of DNA sequence implies functional importance and CNS are known to function as promoters, enhancers, repressors, boundary elements, and locus control regions to regulate gene transcription.^[@R36]--[@R40]^ In this light, we considered the possibility that *IL26* and *IFNG* may share common CNS regulatory elements and this may contribute to conservation of gene order across vertebrate species. To test this hypothesis, we determined expression levels of *IFNG* and *IL26* from transgenic mice containing a bacterial artificial chromosome (BAC) encompassing both *IFNG, IL26* and flanking genomic regions with or without specific CNS deletions.^[@R41],\ [@R42]^ Our results identify CNS that are required for *IL26* expression but not *IFNG* expression and CNS that are shared between *IL26* and *IFNG* and required for expression of both genes. This general notion that CNS can be functionally shared between adjacent genes may contribute evolutionary pressure to preserve not only gene and CNS order but also genomic distance between genes.

Results {#S2}
=======

IL26 expression in transgenic mice {#S3}
----------------------------------

We analyzed expression levels of *IFNG, IL26* and *IL22* by quantitative RT-PCR in different organs from mice with a 190 kb human BAC transgene containing full-length human *IFNG* and *IL26* genes. The 3' end of the human *IL22* gene is truncated in this BAC transgene. For comparison, we determined levels of endogenous *Ifng* transcripts. Of the organs examined, expression of *Ifng* was highest in spleen ([Figure 1a](#F1){ref-type="fig"}). Similarly, expression of transgenic *IFNG* was highest in spleen ([Figure 1b](#F1){ref-type="fig"}). Quantitative expression levels of murine *Ifng* and human *IFNG* in spleen were of similar magnitude. In contrast, expression levels of transgenic *IL26* were highest in colon and small intestine and were undetectable in other organs including spleen ([Figure 1c](#F1){ref-type="fig"}). Expression levels of *IL26* in colon were approximately 100-fold lower than expression levels of either *Ifng* or *IFNG* in spleen. Nevertheless, *IL26* expression in colon was higher than *Ifng* or *IFNG* expression in colon. We did not detect human *IL22* expression in any tissue in transgenic animals. Thus, we conclude that *IL26* expression from the BAC transgene exhibits an organ specific pattern in mice.

We next analyzed changes in expression of *IL26* in CD4+ T cell cultures. Commercially available anti-human IL-26 antibodies produced uniform, non-specific staining in mouse lymphocytes and tissues from both BAC transgenic and non-transgenic mice. We were also not able to obtain pairs of antibodies suitable for ELISA. Therefore, we focused on transcript measurements. Transgenic T cells were stimulated with anti-CD3 under Th1, Th2, and Th17 polarizing conditions. After 5 days, cell cultures were harvested and re-stimulated with PMA and ionomycin for 5 hours. As is well-established, IL-12 was the dominant cytokine polarizing T cells to become *Ifng*-expressers ([Figure 2a](#F2){ref-type="fig"}) and the combination of IL-23, IL-1β and TGF-β were the dominant cytokines polarizing T cells to become *Il17a*-expressers ([Figure 2b](#F2){ref-type="fig"}). In contrast to these results, polarization of T cells into *IL26*-expressors exhibited significantly more flexibility ([Figure 2c](#F2){ref-type="fig"}). Specifically, the combination of IL-23, IL-1β and TGF-β was as effective as the combination of IL-23, IL-1β and TNF-α at driving T cells to differentiate into *IL26* producers, while IL-6 alone was somewhat less effective at driving this differentiation process. Even IL-12 alone or the combination of IL-23 and IL-1β were somewhat efficient at driving T cells to differentiate into *IL26* producers. Further, we did not detect increased *IL26* expression in T cells during the primary five-day culture period. Increased *IL26* expression required secondary stimulation of differentiated T cells with either anti-CD3 or PMA and ionomycin. In contrast, stimulation of differentiated T cells with IL-12 and IL-18 did not increase expression of *IL26*.

We next compared *IL26* transcript levels in transgenic mouse T cells to human T cells. We isolated peripheral CD4+ T cells from healthy human donors or splenic mouse CD4+ T cells and cultured cells under Th1 polarizing conditions for five days. At day five, cells were stimulated with PMA/Ionomycin and *IL26* transcript levels were determined by quantitative PCR. *IL26* transcript levels in mouse CD4+ T cells produced from the BAC transgene were about 10-fold lower than *IL26* transcripts in human CD4+ T cells produced from the endogenous gene ([Figure 2d](#F2){ref-type="fig"}). We also determined *IL26* expression in NK cells, either unstimulated or stimulated with IL-12 + IL-18 or IL-12 + IL-23. We isolated BAC transgenic splenic or colon mucosa derived DX5+ NK cells. In contrast to expression in human and mouse CD4+ T cells, we did not observe *IL26* transcripts in mouse DX5+ NK cells ([Figure 2e](#F2){ref-type="fig"}). As such, we concluded that the BAC transgene displayed organ-specific expression of *IL26* and, during *in vitro* culture, T cell expression of *IL26*. Therefore, we employed the BAC transgenic system to examine regulation of *IL26* transcription in T cells.

H3K27Ac marks at CNS across the IL22-IL26-IFNG locus in Th1 and Th17 effector cells {#S4}
-----------------------------------------------------------------------------------

Histone 3 lysine 27 acetylation (H3K27Ac) is primarily associated with active promoters and enhancers.^[@R39],\ [@R40]^ We compared H3K27Ac ChIP-seq data from human peripheral CD4+ CD25− IL-17+ (Th17) and IL-17− cells (Th1) cells stimulated with PMA and ionomycin obtained from the Roadmap Encode project.^[@R43],\ [@R44]^ H3K27Ac marks were present at the promoters of *IL26* and *IL22* in Th17 cells but not Th1 cells and at the promoter of *IFNG* in Th1 cells but not Th17 cells ([Figure 3](#F3){ref-type="fig"}). In contrast, distal CNS displayed a different pattern of H3K27Ac. For example, H3K27Ac selectively marked CNS-77 (located −77 kb from *IFNG*) in effector Th17 cells but not effector Th1 cells. In contrast, H3K27Ac marked CNS-30 in both effector Th17 and effector Th1 cells. A CNS region from about −15 kb to −20kb from the *IFNG* promoter exhibited Th1 selective H3K27Ac marks. Given prevailing theories ascribing function associated with specific histone marks, a testable hypothesis would be that CNS-77 is an enhancer for Th17-dependent *IL22* or *IL26* transcription, CNS-30 is a dual function enhancer participating in both Th17-dependent *IL26* transcription and Th1-dependent transcription of *IFNG*, and that CNS-15--20 contributes only to Th1-dependent *IFNG* transcription.

CNS-77 is necessary for IL26 expression {#S5}
---------------------------------------

To assess functional requirements of distal CNS for *IFNG* expression, we have analyzed *IFNG* expression from BAC transgenes with and without deletions of specific CNS.^[@R41],\ [@R42]^ Therefore, we employed this same system to determine if distal CNS were also required for *IL26* expression. We first analyzed CNS-77 positioned 77 kb upstream of the *IFNG* transcriptional start site and \~ 12 kb upstream of the *IL26* transcriptional start site, ΔCNS-77. Transgenic BAC WT and ΔCNS-77 CD4+ T cells were stimulated with anti-CD3 under Th1 or Th17 polarizing conditions for 5 days. Cultures were harvested and restimulated for 6 hrs with PMA and ionomycin. After restimulation, cells were harvested and *Ifng, IFNG*, and *IL26* transcript levels were determined by PCR. Transcript levels were normalized to those expressed by WT BAC T cells. We found that CNS-77 was required for *IL26* expression by T cells differentiated under Th17 polarizing conditions ([Figure 4](#F4){ref-type="fig"}). In ΔCNS-77 transgenic T cell cultures polarized under Th17 conditions, *IL26* expression levels were reduced by approximately 90% relative to WT BAC T cell cultures. Similarly, in ΔCNS-77 transgenic T cell cultures polarized under Th1 conditions, *IL26* expression levels were reduced by \~ 90% relative to WT BAC T cell cultures. In contrast, *IFNG* and *Ifng* expression levels were equivalent in ΔCNS-77 and WT BAC T cell cultures polarized under Th1 conditions. We conclude that CNS-77 is necessary for *IL26* expression by T cells polarized under Th17 or Th1 conditions but is unnecessary for *IFNG* expression by T cells polarized under Th1 conditions.

Distal activating sequences/enhancers stimulate transcription in reporter assays when placed next to heterologous promoters and this methodology has been employed to validate enhancer activity of DNA elements.^[@R40],\ [@R45]--[@R48]^ To validate CNS-77 as an enhancer we cloned the CNS-77 element into a non-conserved Pac1 site in a well-characterized *IFNG*-luciferase vector ([Figure 5a](#F5){ref-type="fig"}).^[@R49],\ [@R50]^ While our data did not support CNS-77 as an *IFNG* regulatory element, the *IFNG*-luciferase vector was chosen because it is selectively expressed in T cells thus making it possible to test enhancer activity of CNS-77. Further, the Pac1 cloning site did not interfere with any *IFNG* regulatory site. We transfected the *IFNG*-luciferase vector with or without the CNS-77 element into primary BALB/C splenocytes cultured with anti-CD3/CD28 for three days and measured luciferase activity after restimulation by PMA/Ionomycin. Inclusion of CNS-77 resulted in a relative increase in luciferase activity demonstrating the presence of enhancer function ([Figure 5b](#F5){ref-type="fig"}). Next, we identified two potential NF-κB binding sites within the CNS-77 element. To test for the function of these potential NF-κB response elements, we deleted one of these binding sites and prepared a new construct, ΔNF-κB-CNS-77 *IFNG*-luciferase. We transfected Jurkat T cells with the three different luciferase constructs and, after recovery, restimulated with PMA/ionomycin. Deletion of one NF-κB site abrogated enhancer function ([Figure 5c](#F5){ref-type="fig"}). We conclude from these experiments that CNS-77 is an enhancer element. Our results also support the notion that CNS-77 is an NF-κB-response element.

Finally, we determined if CNS-77 binds NF-κB in vivo. To do so, human CD4+ cells were isolated from PBMC, stimulated with PMA/Ionomycin for four hours and processed for chromatin immunoprecipitation assay with antibodies to either the NF-κB p50 subunit, NF-κB p65 subunit or an IgG isotype control ([Figure 5d](#F5){ref-type="fig"}). We observed binding of both p50 and p65 to CNS-77. As a control, we measured NF-κB binding to a neighboring genomic position located −70 kb from the *IFNG* promoter that was not marked by H3K27Ac. We found that p50 and p65 subunits of NF-κB were not bound to these sites. Thus, we conclude that NF-κB binds to CNS-77, in vivo, and CNS-77 possesses transcriptional enhancer activity in reporter assays.

Enhancer function of CNS-30 is shared between IL26 and IFNG {#S6}
-----------------------------------------------------------

CNS-30 is necessary for *IFNG* expression by T cells cultured under primary Th1 polarizing conditions (no TCR restimulation) and by differentiated effector Th1 cells.^[@R41]^ In contrast, CNS-16 has a repressor function and deletion of CNS-16 results in a marked increase in *IFNG* expression under Th2 polarizing conditions.^[@R42]^ Therefore, we determined if CNS-30 or CNS-16 were necessary for *IL26* expression under either Th17 or Th1 polarizing conditions. T cells from BAC WT, ΔCNS-30 or ΔCNS-16 transgenic mice were cultured under Th17 or Th1 polarizing conditions for 5 days. After harvest, cells were restimulated with PMA and ionomycin. Transcript levels of *IL26, IFNG* and *Ifng* were determined by PCR and normalized to transcript levels present in BAC WT transgenic cultures. We found that expression of transgenic *IL26* in either Th17 polarized cultures or Th1 polarized cultures was largely abrogated by deletion of CNS-30 ([Figure 6](#F6){ref-type="fig"}). In contrast, *IL26* expression was not dependent upon the presence of CNS-16. CNS-30 was required to achieve *IFNG* expression by Th1 polarized cultures. Expression of the endogenous *Ifng* gene was not affected by the presence of any of the transgenes. We conclude from these experiments that CNS-30 plays an equally important enhancer role to regulate both *IFNG* and *IL26* transcription.

CNS-30 is required for Pol II binding to the IFNG/IL26 locus {#S7}
------------------------------------------------------------

Above results indicate that CNS-30 is a necessary enhancer for both *IFNG* and *IL26* transcription. Previous reports have described CCCTC-binding factor (CTCF) and T-bet dependent looping between the first mouse *Ifng* intron and two distal CTCF binding sites upon Th1 differentiation, one positioned −70 kb upstream of *Ifng*.^[@R51],\ [@R52]^ The −70 CTCF site is orthologous to the beginning of the first intron of human *IL26*, which also loops into *IFNG* upon Th1 differentiation. These results have been interpreted to mean that these two CTCF binding sites demarcate a Th1-specific domain to insulate *Ifng* and its enhancers. However, an additional hypothesis is that looping is a conserved genomic feature that allows CNS-30 to act as an enhancer of both *IFNG* and *IL26*. To confirm Th1 specific looping between CNS-30, *Ifng* and the mouse *Il26* pseudogene, we cultured CD4+ T cells under Th1 and Th2 polarizing conditions for three days, isolated and processed nuclei for chromatin conformation capture (3-C) assay. Using *Ifng* as an anchor, we were able to detect Th1-specific interactions between *Ifng* and both the mouse CNS-30 ortholog and the *Il26* pseudgoene ([Figure 7a](#F7){ref-type="fig"}).

Using a BAC transgenic model, we previously demonstrated that CNS-30 is required for RNA polymerase II (Pol II) binding to the *IFNG* locus in Th1 cells.^[@R41]^ Given the Th1-specific looping between CNS-30 and both *IFNG* and *IL26*, we next determined if CNS-30 was required for Pol II binding to *IL26* in our BAC transgenic model. Transgenic BAC WT and ΔCNS-30 CD4+ T cells were cultured for three days under Th1 or Th2 polarizing conditions and processed for chromatin immunoprecipitation with antibodies for Polymerase II or an IgG control. We observed Th1-specific binding of Pol II to CNS-30, CNS-16 and the *IFNG* promoter across BAC transgene ([Figure 7b](#F7){ref-type="fig"}). We also observed Th1-specific Pol II binding to the *IL26* promoter, which is consistent with our expression data. In contrast, we did not detect binding of Pol II to either the *IFNG* promoter or the *IL26* promoter in ΔCNS-30 cultures ([Figure 7c](#F7){ref-type="fig"}). As such, CNS-30 is required for both expression of *IFNG* and *IL26*, as well as Pol II binding to promoters of *IFNG* and *IL26*.

Discussion {#S8}
==========

The general view is that evolutionary conservation of DNA sequence in coding and non-coding regions of the genome implies functional value. Similarly, evolutionary conservation of gene order in the genome is thought to have functional value. An example of this synteny is the conservation of gene order among the Th1 gene, *IFNG*, and the two Th17 genes, *IL26* and *IL22* from *Xenopus* and zebrafish to chickens and humans.^[@R19],\ [@R20]^ Further, genomic order of CNS across this region is also evolutionarily preserved. In human Th1 cells, the *IL26* gene loops close into the *IFNG* gene^[@R51]^, and in murine Th1 cells, the *Il26* psuedogene loops into the *Ifng* gene.^[@R52]^ However, many of the features commonly associated with syntenic genes, e.g. co-expression, tissue-specific expression, level of expression, genes encoding proteins involved in common biological processes, gene families, or gene duplications, do not readily explain *IFNG-IL26-IL22* conservation of gene order. Therefore, we considered an alternate hypothesis that *IFNG* and *IL26* genes share common CNS necessary for their transcription and, as such, preservation of gene order and distance and CNS order and distance is essential to maintain cell-type specific expression of both genes in lineage-specific manners.

We have produced transgenic murine lines with human BACs containing the complete *IFNG* and *IL26* coding sequences with additional 5' and 3' genomic sequence or with deletions of specific CNS.^[@R41],\ [@R42]^ Our analyses of *IL26* expression demonstrate tissue-specific expression in colon and small intestine but not spleen, and expression under both Th1 and Th17 polarizing conditions, in vitro. Further, cytokines required to polarize T cells to produce *IL26* were much less restrictive than those required defined to induce Th1 or Th17 polarization and a number of different combinations of cytokines were capable of driving T cells to differentiate into *IL26*-producers. At this point, reasons behind this are not entirely clear. Since *IL26* is deleted from rodent genomes, this cytokine and its regulation have been examined in far less detail than many other cytokines and less restricted regulation may be a general property of this cytokine gene. Alternatively, since *IL26* is produced from a human BAC transgene in this model, additional regulatory elements missing from the BAC transgene may be necessary to achieve proper regulation of the *IL26* gene. However, the low levels of *IL26* transcript levels relative to *IFNG* transcript levels seen in this transgenic model are consistent with those seen in human lymphocytes. Nevertheless, our results demonstrate tissue specific expression and some degree of lineage specific expression of *IL26* from the BAC transgene.

A simple model of T helper cell lineage differentiation is that Th1 cells express IFN-γ while Th17 cells express IL-17, IL-22 and IL-26. However, there are also common cellular sources of IL-26, IFN-γ and IL-22. For example, all three cytokines can be expressed by "T helper 22" cells.^[@R53]^ Moreover, recent evidence indicates that human Th17 cells, polarized *in vivo*, are capable of producing IFN-γ.^[@R54]^ In addition to Th17 cells and Th22 cells, there is a specialized gut homing innate lymphoid cell, once thought to be a natural killer cell subset, which produces IL-26, IL-22 and IFN-γ.^[@R55]^ It is likely that these triple positive subsets share *IFNG, IL22* and *IL26 cis* regulatory elements for co-expression of all three genes. As such, in future work, we will determine how the *IL26/IL22/IFNG* locus is distinguished among Th subsets that selectively express only *IL26, IL22* or *IFNG* or co-express two or more of these linked genes.

Our analysis demonstrates there is hierarchy of distal CNS usage to achieve proper *IFNG* transcriptional control.^[@R41],\ [@R42]^ The CNS-30 element is necessary for *IFNG* expression by T cells under all conditions examined. The CNS-4 element is required for *IFNG* expression by effector Th1 cells and memory Th1 cells in response to secondary TCR stimulation. In contrast, the CNS+19--20 element is only required for *IFNG* expression by memory Th1 cells. On the other hand, NKT cells require CNS-30 and CNS+19--20 elements but not the CNS-4 element. Usage of distal CNS by NK cells is markedly different and NK cells exhibit a partial need for CNS-4, CNS-16 and CNS+19--20 but exhibit no obligatory requirement for any single CNS. Thus, each distal CNS contributes very diverse functions to the final regulation of *IFNG* transcription.

The *IL26* transcriptional start site is positioned \~66 kb from the *IFNG* transcriptional start site and the *IL26* 3' end is \~ 41 kb from the *IFNG* transcriptional start site. A distal CNS, CNS-77, with characteristics of a NF-κB response element is necessary for *IL26* expression but is dispensable for *IFNG* expression. Thus, similar to *IFNG, IL26* transcription also requires distal CNS elements. Our results also clearly demonstrate that *IL26* and *IFNG* share usage of distinct distal regulatory CNS. Thus CNS-30 is required for both *IL26* and *IFNG* expression. Given that genomic regions containing *IL26* and *IFNG* loop together, at least under Th1 differentiation conditions, it is reasonable to speculate that this looping also brings CNS-30 in close proximity to both *IL26* and *IFNG* and contributes to transcriptional activation of both genes in either effector Th1 cells or to *IL26* transcriptional activation in effector Th17 cells. In contrast, CNS-16, which plays a role in repression of *IFNG* transcription in effector Th2 cells, does not appear to play a role in repression or activation of *IL26* transcription. At this point, we do not yet know if *IL26* utilizes additional CNS with diverse functions to achieve proper lineage-specific expression similar to that seen for *IFNG*.

The dynamic nature of transcriptional regulation is becoming increasingly evident. Dynamic movement of genes into and out of 'transcription factories' is associated with active transcription.^[@R56],\ [@R57]^ Alterations in intra-chromosomal and inter-chromosomal conformations are associated with gene activation and gene repression.^[@R58]--[@R60]^ Establishing histone marks across a genomic region were once thought to represent permanent modifications are now recognized as highly dynamic as specific enzymes have been identified that both write and erase the 'histone code' and diverse developmental processes are associated with dynamic changes in how the histone code is written and erased at specific gene loci.^[@R40]^ Further, studies of transcription factor occupancy at specific response elements demonstrate very rapid on and off rates, occupancy by multiple trans-acting factors and it is highly likely that these interactions are also highly dynamic.^[@R61],\ [@R62]^ Our results demonstrate that CNS enhancer elements are also functionally highly dynamic and may be conformationally highly dynamic capable of moving between two adjacent genes to drive their transcription.

Findings presented here represent a specific case of the shared usage of distinct distal CNS by two genes. Although both genes encode cytokines, IL-26 and IFN-γ perform unique, non-overlapping functions in the innate and adaptive immune systems and display unique expression patterns. For several decades, chromosomal rearrangements were thought to occur at random sites during evolution.^[@R63]^ However, with the advent of fine-scale genome sequencing and advanced computational analysis, it is now appreciated that individual conserved gene loci are resistant to synteny disruptions.^[@R64]^ The *IFNG/IL26/IL22* locus represents a conserved locus with shared usage of distinct distal regulatory elements. In mice, the coding potential of *Il26*, but not the order of surrounding CNS and genes, is disrupted. Our model is thus consistent with the hypothesis that genomic order within loci is conserved because of the obligate requirement for CNS to regulate transcription. Alternatively, translocations and gene disruptions may free genes from their obligate enhancers and allow them to develop independent expression patterns or independent functions. Examples of these classes include duplications of *gdf* to *gdf6a* and *gdf6b* genes and *pax6* to *pax6a* and *pax6b* genes in zebrafish resulting in divergence of distal regulatory CNS and emergence of new developmentally regulated gene expression patterns.^[@R65],\ [@R66]^ Future studies of the interferon gamma and interleukin 26 locus in mice and other rodents will reveal the evolutionary requirements for distal regulatory element conservation once a co-regulated gene, *IL26*, is removed from the genome.

Materials and methods {#S9}
=====================

Mice and preparation of transgenic reporter lines {#S10}
-------------------------------------------------

C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME), housed in the Vanderbilt University animal facilities, and used between 4--5 weeks of age. Preparation of human *IFNG*-BAC transgenic lines was described previously.^[@R42]^ The Institutional Animal Care and Use Committee of Vanderbilt University approved all animal studies.

Cell purification and cultures {#S11}
------------------------------

CD4+ and CD8+ T cells were purified from splenocytes by positive selection per instructions by the manufacturer (Miltenyi Biotec) and cultured with plate bound anti-CD3 and anti-CD28 as previously described under Th1 or Th2 polarizing conditions. IL-12 (5 ng/ml) and anti-IL-4 (11B11: ATCC) were added to generate Th1 cultures, IL-4 (10 ng/ml) and anti-IFN-γ (10 µg/ml R4-642: ATCC) were added to generate Th2 cultures and IL-1β (20ng/ml) IL-23 (10 ng/ml) TGF-β (1 ng/ml) and anti-IFN-γ (10 µg/ml R4-642: ATCC) were added to generate Th17 cultures. Where indicated IL-6 (20 ng/ml) or TNF-α (10 ng/ml) were added. Natural killer cells were purified via DX5+ positive selection as per manufacturer's instructions (Miltenyi Biotec).

Quantitative RT-PCR {#S12}
-------------------

Total RNA was purified from restimulated Th1, Th2 and Th17 cultures and cDNA was synthesized using Super Script III First-strand synthesis, as per manufacture's instructions (Invitrogen). Specific transcripts were quantified using TaqMan pre-made assays as per manufacture's instructions (Applied Biosystems). Relative changes in transcript levels were determined using the delta Ct method.

Transient transfection assays {#S13}
-----------------------------

The *IFNG*-luciferase plasmid was obtained from Addgene, plasmid number 17598. A detailed plasmid map is available at Addgene's website. CNS-77 or ΔNF-κB CNS-77 was PCR amplified from RPCI11-444B24 (Invitrogen, Carlsbad, CA) and moved into a Pac I site of the *IFNG*-luciferase plasmid. Jurkat cells were transfected with 5 µg plasmid by electroporation. After an overnight rest, cells were stimulated with PMA/ionomycin for 24 hours. Primary splenocytes were transfected with 2.5 µg of luciferase plasmids using Amaxa mouse T cell nucleofector kits (Lonza). Cells were rested 3 hr and stimulated over night with 2 µg/ml plate-bound anti-CD3, 2 µg/ml anti-CD28, 10 ng/ml IL-12 and IL-2.

Chromosome conformation capture (3-C) and Chip assays {#S14}
-----------------------------------------------------

The 3-C assay was performed exactly as previously described using effector Th1 and Th2 cells as chromatin sources.^[@R59]^ Chromatin immunoprecipitation (ChIP) assays were performed according to Millipore's online protocol with minor variations: cells were harvested by centrifugation; each protein A agarose-Ab/chromatin wash was performed twice for 10 min each and DNA was isolated by phenol-chloroform extraction. Immunoprecipitations were performed using antibodies to RNAP II (sc-899×; Santa Cruz Biotechnology, Santa Cruz, CA), p50 and p65 subunits of NF-κB, or normal rabbit IgG control. Sequences of primers used have been previously published.^[@R41],\ [@R42]^
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![Basal *IFNG* and *IL26* expression in organs from BAC transgenic mice. Single cell suspensions were prepared from the indicated organs by mechanical disruption or collagenase digestion. Synthesis of cDNA was from purified total RNA. Transcript levels were determined using Taqman assays. Transcript levels of (**a**) *Ifng*, (**b**) *IFNG*, and (**c**) *IL26* are expressed relative to *Gapdh*. Error bars are S.D.](nihms372507f1){#F1}

![Polarizing cytokine requirements for expression of *Ifng, Il17a*, and *IL26* by effector CD4 T cells. CD4 T cells were stimulated with anti-CD3 and anti-CD28 in the presence of the indicated cytokines. After 5 days, cultures were harvested and restimulated with PMA and ionomycin for 6 hrs. Cultures were harvested and transcript levels of (**a**) *Ifng*, (**b**) *Il17a*, and (**c**) *IL26* were determined as described in [Figure 1](#F1){ref-type="fig"}. Results are expressed relative to cultures stimulated with anti-CD3 and anti-CD28 in the absence of additional cytokines. **(d)** Human CD4+ Th1 cells (Hu CD4) or murine BAC-transgenic CD4+ Th1 cells (Mu CD4) were stimulated with PMA/Ionomycin. Cultures were harvested and IL26 transcript levels determined as in [Figure 1](#F1){ref-type="fig"}. (e) Murine BAC-transgenic splenic or colonic NK cells (DX5+) were stimulated for 48 hr. Transcript levels of Ifng, IFNG, and IL26 were determined as described in [Figure 1](#F1){ref-type="fig"}. Results are expressed relative to *Gapdh* transcript levels. Error bars are S.D. \* = not detected.](nihms372507f2){#F2}

![H3K27 acetylation across the *IL22-IL26-IFNG* gene region in human effector Th1 and Th17 cells. H3K7Ac Chip-Seq data from the ROADMAP ENCODE project were obtained from the U.C.S.C. genome browser. Rectangles in red identify promoter regions. Black rectangles identify two CNS, CNS-77 and CNS-30.](nihms372507f3){#F3}

![CNS-77 is required for *IL26* expression but not *IFNG* expression. WT and ΔCNS-77 CD4 T cells were stimulated with anti-CD3 and anti-CD28 under Th1 and Th17 polarizing conditions. After 5 days, cultures were harvested and restimulated with PMA and ionomycin for 6 hrs. Transcript levels of *IL26, IFNG*, and *Ifng* were determined as described in [figure 1](#F1){ref-type="fig"}. Results are expressed relative to WT BAC levels. Error bars are S.D.](nihms372507f4){#F4}

![Transcriptional enhancer activity of CNS-77. (**a**) Schematic of the *IFNG*-luciferase reporter construct with and without CNS-77 inserted into the Pac1 cloning site. (**b**) Purified CD4+ T cells were transfected with *IFNG*-luciferase reporter constructs. After 24 hrs, transfected cells were stimulated with PMA and ionomycin for an additional 24 hrs. Luciferase activity in cell lysates was determined and results are expressed as relative luciferase activity. (**c**) Purified Jurkat T cells were nucleofected with the indicated reporter constructs and cultured and stimulated as in (**b**). Luciferase activity in cell lysates was determined and results are expressed as relative luciferase activity. **(d)** Peripheral human CD4+ T cells were stimulated with anti-CD3 and anti-CD28 for 4 hours and NF-κB binding to CNS-77 was determined by chromatin immunoprecipitation assay. Error bars are S.D.](nihms372507f5){#F5}

![Both *IL26* and *IFNG* share requirements for CNS-30 for efficient expression. Transgenic *IFNG*-BAC WT, ΔCNS-30, and ΔCNS-16 CD4 T cells were stimulated with anti-CD3 and anti-CD28 under Th1 or Th17 polarizing conditions. After 5 days, cultures were harvested and restimulated with PMA and ionomycin for 6 hrs. Cultures were harvested and transcript levels of *IL26, IFNG*, and *Ifng* were determined as described in [Figure 1](#F1){ref-type="fig"}. Results are expressed relative to WT BAC levels. Error bars are S.D.](nihms372507f6){#F6}

![RNA polymerase II occupancy across the *IL26-IFNG* genomic region is dependent upon CNS-30. (**a**) Average crosslinking frequency between *Ifng* (indicated by the open bar with dashes) and the indicated genomic positions in nuclei from effector Th1 and Th2 cells. (b & c) RNA pol II recruitment to the indicated genomic positions in (**b**) BAC WT and (**c**) ΔCNS-30 transgenic Th1 and Th2 cells determined by ChIP assay. Results are expressed as fraction of input. Error bars are S.D.](nihms372507f7){#F7}
